The current distribution of forest tree species is a result of natural or human mediated historical and contemporary processes. Knowledge of the spatial distribution of the diversity and divergence of populations is crucial for managing and conserving genetic resources in forest tree species. By combining tools from population genetics, landscape ecology and spatial statistics, landscape genetics thus represents a powerful method for evaluating the geographic patterns of genetic resources at the population level. In this study, we explore the possibility of combining genetic diversity data, spatial statistic tools and GIS technologies to map the genetic divergence and diversity of 31 Castanea sativa populations collected in Spain, Italy, Greece, and Turkey. The IDW technique was used to interpolate the diversity values and divergence indices as expected hetereozygosity (He), allelic richness (Rs), private allelic richness (PRs), and membership values (Q) of each population to different clusters. Genetic diversity maps and a synthetic map of the spatial genetic structure of European chestnut populations were produced. Spatial coincidences between landscape elements and statistically significant genetic discontinuities between populations were investigated. Evidence is provided of the significance of cartographic outputs produced in the study and on their usefulness in managing genetic resources.
Introduction
The current distribution of species was shaped by complex interactions occurring over time and space between biological, physical and socio-cultural processes. Understanding the biogeographical distribution, the diversity patterns of living species and the underlying evolutionary processes are key to being able to conserve and manage genetic resources [1] . Both natural and anthropic factors have led to habitat fragmentation and a loss of biodiversity, which are considered as major issues in conservation biology [2] . Important ecological and landscape processes occur at different and multiple spatial and temporal scales, influencing the evolutionary biology of plant species [3] . In addition, anthropogenic factors, such as overexploitation, the introduction of invasive species and climate change can modify the geographical distribution of plant species over space and time [4] [5] .
In the last decades, interdisciplinary methods have thus been developed in order to understand the complex relationships between natural and human processes. Landscape genetics has emerged as a discipline that combines the concepts and methods of landscape ecology, population genetics, geography and spatial statistics [6] [7] , and requires significant interdisciplinary collaboration [8] . It aims to understand how the spatial and temporal heterogeneity of the landscape has shaped the spatial distribution of genetic variations influencing environmental selection and gene flow [9] .
Landscape genetics could therefore be crucial for estimating the impact of landscape composition on the spatial genetic structure of natural populations of plants and for new conservation genetic programs. Progress in molecular analysis, spatial analytical methods, GIS technologies and the acquisition of spatially-explicit datasets of environmental variables has contributed to the development and diffusion of landscape genetics [10] . GIS spatial analysis highlights the spatial relationships among biological, physical and human landscape components [11] . In addition, the use of geo-referenced genetic data within a GIS has become a prerequisite for the spatial analysis of ecological processes [12] . Spatial analysis also can provide significant information on the diversity of species within a specific geographical area, so as to be able to evaluate the current conservation status of plant species and to prioritize areas for conservation [13] .
Natural forests are key ecosystems with a high level of biodiversity [14] . Landscape genetics studies are particularly suitable for tree species that are increasingly vulnerable to losses in genetic diversity due to land use change and land degradation [15] . An increasing number of studies has been published to date on the landscape genetics of forest trees [10] [16]- [18] . In particular recent studies have mapped the genetic diversity of Araucaria araucana [19] , Juglans regia [20] and Annona cherimola [21] .
We focus on Castanea sativa, a tree of great economic and ecological importance, and the only species of the genus Castanea in Europe. The current patterns of biogeographic distribution of C. sativa are known to be a response to the evolutionary history of the species, in relation both to the climatic and geomorphological processes that have occurred over the geological time scale and to the anthropic activities over the centuries.
Although there are many studies on the genetic structure and diversity of chestnut across Europe [22] - [26] , only recently the spatial patterns of genetic structure and diversity of chestnut have been taken into consideration. For instance, a landscape genetic approach was applied to the chestnut by Martín [27] and Lusini [28] , who assessed the spatial patterns of genetic structure and diversity of Spanish and Bulgarian natural chestnut populations using microsatellite markers. However, these studies referred to populations in restricted geographical areas and provided no information on the species diversity spatial distribution across Europe.
In this study, we explore the possibility of combining spatial analysis techniques with molecular data to map the genetic diversity of a large set of European C. sativa populations along the distribution area of the species. We used the landscape genetic overlay technique [17] to analyze a set of geo-referenced genetic data provided in our previous publication [26] . The aims were to: 1) test the potential of spatial analysis to visualize and better understand the intra population genetic diversity and the spatial genetic structure of European natural populations; 2) identify areas as reservoirs of genetic diversity; 3) detect the overlap of genetic and geographic barriers; 4) investigate the effects of the landscape structure on gene flow and genetic variability; 5) make recommendations for conservation planning.
Material and Methods
In the last three decades, the CNR Institute of Agro-environmental and Forest Biology (IBAF, Porano, Italy) has been involved in genetic diversity study of European chestnut populations, assembling a large collection of C. sativa populations. In this study, we performed spatial analysis of 31 European chestnut populations (779 wild trees), using a set of genetic data previously obtained by Mattioni [26] by means of microsatellite markers (Figure 1 ; Table S1 1 ). Geo-referenced genetic data and geographic data were organized in an ESRI ArcGIS 9.3 geodatabase. The global digital elevation model GTOPO30 was acquired (https://lta.cr.usgs.gov/GTOPO30). We also reconstructed the main refugium areas of European chestnut according to their probability level as produced by Krebs [29] . We used ArcGIS 9.3 software for both our consolidated experience in its use and for its popularity and spread in recent studies of landscape genetics. Population genetic data and spatial statistic tools were combined by GIS technologies. We used the overlay technique described by Holderegger [17] that involves: 1) the identification of the main genetic clusters of populations; 2) the detection of genetic discontinuities or barriers; 3) the interpolation of genetic parameters to elaborate genetic surface maps. Subsequently, the resulting genetic surface maps are overlaid on topographic maps to search for spatial coincidences between genetic barriers and discontinuities with landscape elements.
Spatial Representation of intra Population Genetic Indices
Allelic richness (Rs) and private allelic richness (PRs) were computed by the rarefaction method with HP-RARE software [30] , expected (He) heterozygosity [31] was calculated using GeneAlEx 6 software [32] . The Inverse Distance Weighted (IDW) [33] [34] algorithm implemented in ArcGIS 9.3 was used to interpolate values of expected (He) heterozygosity, allelic richness (Rs) and private allelic richness (PRs) of all 31 chestnut populations and to derive maps of genetic diversity. IDW interpolation determines cell values using a linearly weighted combination of a set of sample points, considering that local influence of each single point decrease with distance.
Spatial Representation of Population Structure
A Bayesian clustering approach implemented in STRUCTURE 2.3.3 software [35] was applied to detect the Table S1 ).
genetic structure of C. sativa populations. A complete description of the method was reported by Mattioni [26] . Population Q-membership values for the K clusters inferred by STRUCTURE were spatially interpolated using IDW function of ArcGIS 9.3 software [20] [36] . K clustering surface maps, representing the spatial patterns of the inferred genetic clusters, were produced. Finally we spatially overlaid the K clustering surfaces, combining multiple raster bands (the K interpolated raster) in a single multiband raster dataset (the resulting synthetic map), by the Composite Bands function of ArcGIS 9.3, to produce a synthetic map showing the spatial genetic structure of the 31 European chestnut populations. The Color Composite tool enabled us to graphically display a composition of three different bands (red-green-blue, corresponding to our three clustering surfaces) at a time. In addition, we investigated the presence of genetic barriers among the chestnut populations, using Monmonier's maximum difference algorithm implemented in BARRIER 2.2 software [37] . The detection of the genetic discontinuities was based on the Delauney triangulation (network connection between the geographical coordinates of each population) and the resulting Voronoi tessellation. Each edge of the Voronoi polygons was associated with the value of the corresponding Nei's [38] genetic distance (D A ) between pairs of populations, calculated with the GENDIST function in the PHYLIP software [39] . The procedure traces the boundary along the Voronoi tessellation starting with the edge to which is associated the highest value of D A between two populations, and goes on to identify multiple barriers in hierarchical progression. The significance of these genetic barriers was tested using 100 resampled bootstraps matrice of Nei's [38] genetic distances, calculated with SEQBOOT and GENDIST function in the PHYLIP software package [39] . We only considered genetic discontinuities with arbitrary bootstrap support of P > 0.50. The genetic barriers detected, corresponding to abrupt change in the patterns of genetic variation among populations were reconstructed using the Voronoi polygons function in ArcGis 9.3 and overlaid on an GTOPO30 digital elevation model to search for spatial coincidences of these genetic boundaries with landscape elements.
Results and Discussion

Spatial Representation of intra Population Genetic Diversity
The geospatial interpolation of genetic diversity indices enabled us to produce new spatial data representative of the genetic diversity of the European chestnut. Expected heterozygosity (He), allelic richness (Rs) and private allelic richness (PRs) values (data reported in [26] ) were interpolated using the IDW function and the respective derived maps of genetic diversity are shown in Figure 2 . The spatially explicit representation of diversity indices facilitates the interpretation of the results, in order to understand the geographical distribution of the genetic diversity of the chestnut.
Eastern Turkish populations showed intermediate values of expected heterozygosity (He), as well as the highest values of allelic richness (Rs) and private allelic richness (PRs). Various western Turkish populations and two populations from central and northern Italy also showed high values of expected heterozygosity (He) and allelic richness (Rs) (Figure 2) . Spanish populations presented low values of both expected heterozygosity (He) and allelic richness (Rs). Only one population from Galicia (northern Spain) showed high values of private allelic richness (PRs). Greek populations showed low values of expected heterozygosity (He), and low to intermediate allelic richness (Rs) values, except for one population from central Macedonia. Null values of private allelic richness (PRs) were shown for all Greek populations.
The spatial mapping of genetic diversity also contributed to the identification of priority units for the conservation of genetic resources. Thus outputs from the spatial overlay of the three maps of expected heterozygosity (He), allelic richness (Rs) and private allelic richness (PRs) provided critical information on the diversity of chestnut populations across Europe and can be assumed as basic criteria for identifying areas for conservation. Given that allelic richness is considered a key measurement in analyzing the conservation of the genetic diversity of species [40] , we identified those areas with the highest level of diversity as the most suitable for conservation. In addition, gene pools with rare or private alleles, which can be considered in any case as important for conservation, were geographically identified.
Our results indicated that the main centers of genetic diversity for the European chestnut are located in the easternmost areas of Turkey, in western Turkey, and in central and northern Italy. We therefore observed a spatial matching between these sites and the geographical areas identified by Krebs [29] as Quaternary refugia of C. sativa. 
Spatial Representation of Population Structure
In a previous work [26] , we highlighted two main genetic clusters: K = 2 and K = 3. However, for the analysis carried out in the present work we considered only the data obtained for K = 3 as the best representation of the hierarchical structure of European chestnut populations. Figure 3 shows the three clustering surface maps, as a result of the spatial interpolation of the estimated population membership values (Q) in the K = 3 clusters inferred by STRUCTURE. In each map (Figures 3(a)-(c) ) showing a different cluster of populations, the more intensely colored (saturated) areas indicate the strongest genetic similarity between populations belonging to the same cluster, and the gradual change to lighter colors indicates a gradual decrease in genetic similarity. The first cluster, in green in Figure 3(a) , includes populations from eastern and central Turkey. Populations from western Turkey and Greece were assigned to the second cluster, in red (Figure 3(b) ). The third cluster, in blue in Figure 3(c) includes all the populations from Italy and Spain. By combining the previous three clustering surfaces, Figure 4 shows the synthetic map of the spatial genetic structure of chestnut populations, as well as the bar diagram of the genetic relationship among populations estimated by STRUCTURE analysis for K = 3. The synthetic map corresponds to the spatial representation of the bar diagram of STRUCTURE: different hues correspond to different combinations of the three components, which are the three clustering surface maps. In the synthetic map, three raster cell values correspond to each population, thus indicating the estimated population Q-membership percentage to clusters 1, 2 and 3, and a combination of the three colored components (green = cluster 1, red = cluster 2, blue = cluster 3).
The presence of populations belonging to three different gene pools is highlighted in Figure 4 (as for Figures  3(a)-(c) , as an introgression zone. This zone is made up of individuals from central Turkey belonging to two different gene pools (cluster 1 in green, and cluster 2 in red), and is shown in shades from green to red in the synthetic map and with two colors (green and red) in the same bar of the STRUCTURE's diagram.
Although the synthetic map of genetic structure provides an exhaustive geographical representation of the main gene pools in a single map, it has limitations. In fact, if the K number of clusters inferred by STRUCTURE analysis is greater than three, it cannot be graphically displayed and it is necessary to map K different clustering surface maps. These limits are derived from the combination of up to three color bands (red-green-blue) at a time, to graphically display the multiband raster dataset representing the genetic structure. However, it is still possible to represent the K clustering surface map, regardless of the K number of clusters inferred by STRUCTURE.
Mapping the spatial clustering of European chestnut populations highlighted three distinct gene pools, in agreement with those we had detected previously [26] : the first corresponding to populations from eastern and central Turkey, the second to populations from western Turkey and Greece, and the third to Italian and Spanish populations. In addition, the spatial patterns of genetic structure confirm the geographical correspondence that we had already observed between the detected genetic clusters and the glacial refugia of European chestnut hypothesized by Krebs [29] , based on an extended palynological approach.
Three significant genetic barriers were identified using Monmonier's maximum difference algorithm, with bootstrap support >50%. Populations from Italy and Spain were separated from Greek and Turkish populations by the main genetic barrier ("a" in Figure 5) . A sampling gap between western and eastern populations probably Figure 4 . Synthetic map of spatial genetic structure and corresponding population structure inference for 779 chestnut tree samples estimated by Bayesian assignment using STRUCTURE for K = 3 clusters. Cluster 1 is displayed in green, cluster 2 in red and cluster 3 in blue. contributed to the detection of this main barrier. The second and third discontinuities ("b" and "c" in Figure 5 ) divided Greek and western Turkish populations from central and eastern Turkish populations. The genetic discontinuities detected, were reconstructed based on the Voronoi tessellation and overlaid on an GTOPO30 digital elevation model ( Figure 5) . The three significant genetic barriers, identified by Monmonier's maximum difference algorithm, divide the chestnut populations into three main groups, thus matching the results of the Bayesian clustering analysis.
Considering the structural and geomorphological complexity of the Mediterranean regions, it is likely that geographical barriers have interfered with the gene flow between chestnut populations. There is a geographical correspondence between the main genetic barrier, detected in this study, and the Dinaric Alps, which could act as an obstacle to the gene flow between eastern and western European populations of C. sativa, and the Adriatic Sea could also have impeded the exchange of germplasm between the Balkan and Italian peninsulas. In addition, genetic discontinuities between western and central-eastern Turkish populations may indicate the Taurus Mountains as a putative physical barrier to the gene flow between Turkish populations.
Conclusions
In this study, the spatial patterns of genetic diversity and structure of natural C. sativa populations were analyzed at the European scale. This interdisciplinary approach enabled us to combine data and methods from population genetics, landscape ecology and spatial analysis to explicitly quantify the effect of landscape configuration on genetic variation. The use of GIS contributed significantly, due both to its ability to store, manage and integrate molecular and spatial data, and to extract more in depth information from existing data. GIS is also useful for spatial analysis, modeling, data visualization and mapping.
The spatial analyses, such as the interpolation of diversity indices and the Q-membership coefficient value of each population to K clusters inferred by STRUCTURE, produce more visually clear and intuitive representa-tions of the intra population genetic diversity and structure of European chestnut populations. The landscape genetic overlay technique enabled us to better display areas with a different genetic diversity, to highlight the geographical distribution of different gene pools and to show the overlap of genetic and geographic barriers.
The results also enabled us to indicate areas as reservoirs of genetic diversity, to speculate on the effects of the landscape structure on gene flow and genetic variability, and to provide suggestions for conservation planning. All these spatial outputs support the results of our previous publications, indicating the divergence between eastern and western populations of European chestnut, and thus confirming the presence of two different gene pools and an introgression zone in Turkey [22] [26] . High levels of genetic diversity were found in the majority of sweet chestnut European populations, overlapping the hypothetical chestnut glacial refugia identified by Krebs [29] . The overlay approach indicates that the potential barriers to gene flow, such as the Dinaric Alps and the Adriatic Sea, may have led to a separation between the eastern and western populations. A landscape genetic study including chestnut populations from Spain up to the Transcaucasian region would contribute to clarify the migration route of C. sativa across the Mediterranean range.
In conclusion, we have demonstrated how landscape genetics, combining spatial analysis techniques with molecular data in studying the genetic diversity of natural chestnut populations, can contribute to increasing the knowledge and understanding of the biogeographic history and distribution of C. sativa in Europe. The significant outputs produced are easily understandable and usable in the inventory, conservation, and management of genetic resources. 
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